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During lytic infections, the virion host shutoff (vhs) function of herpes simplex virus (HSV) disaggregates host polysomes
and induces rapid turnover of both cellular and viral mRNAs. To examine the steps in vhs-induced mRNA degradation, an
RNase protection assay was used to compare the relative decay rates of sequences from the 59 and 39 ends of a selected
target mRNA. In cells infected with wild-type HSV-1, sequences at the 59 end of the HSV-1 thymidine kinase mRNA were
degraded more rapidly than those at the 39 end of the transcript. In contrast, in cells infected with a vhs mutant, the decay
rates of sequences at the 59 and 39 termini of the transcript were much slower and were essentially indistinguishable from
each other. Vhs-induced degradation of the transcribed portion of the mRNA was not preceded by detectable shortening of
the poly(A) tail in vivo; nor was a poly(A) tail required to make an RNA a target for the vhs activity in vitro. The results suggest
that degradation of sequences at or near the 59 end of an mRNA is an early step in vhs-induced decay. © 1999 Academic Press
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Controls of the rate of mRNA decay play an important
ole in eukaryotic gene expression (Ross, 1995; Caponi-
ro and Parker, 1996; Tharun and Parker, 1997). During
ytic herpes simplex virus (HSV) infections, the HSV virion
ost shutoff (vhs) protein regulates the half lives of both
ost and viral mRNAs (Read, 1997). At early times, copies
f the vhs (UL41) polypeptide that enter the cell as com-
onents of infecting virions destabilize cellular mRNAs in
he cytoplasm (Fenwick and McMenamin, 1984; Schek
nd Bachenheimer, 1985; Strom and Frenkel, 1987). This,
ogether with the disruption of pre-mRNA splicing by the
SV immediate-early polypeptide ICP27 (Hardy and San-
ri-Goldin, 1994; Hardwicke and Sandri-Goldin, 1994;
andri-Goldin et al., 1995), plays an important role in
hutting off most cellular protein synthesis. In addition,
fter the onset of viral transcription, the vhs protein
ccelerates the turnover of viral mRNAs belonging to all
inetic classes (Kwong and Frenkel, 1987; Oroskar and
ead, 1987, 1989; Strom and Frenkel, 1987). Thus the vhs
rotein induces nonselective degradation of most, if not
ll, mRNAs while leaving ribosomal and other nonmes-
enger RNAs unaffected (Oroskar and Read, 1987, 1989;
rikorian and Read, 1991; Zelus et al., 1996). As a gen-
ralized destabilizer of mRNAs, it plays two important
oles during HSV infections: first, in redirecting the cell
rom synthesis of cellular to viral proteins and, second, in
etermining the levels of viral mRNAs and facilitating the
1 To whom reprint requests should be addressed. Fax: (816) 235-
m503. E-mail: readgs@umkc.edu.
195equential transition between expression of different
lasses of viral genes.
Despite a number of studies defining the role of vhs
uring lytic infections and the availability of vhs mutants,
ittle is known concerning the mechanism of vhs-induced
RNA decay. To date, most studies of the vhs activity have
onitored mRNA degradation either indirectly, by following
he decrease in the rate of translation, or directly, using
ybridization techniques that measured the disappearance
f intact or almost intact mRNAs but yielded little data
oncerning any degradation intermediates. To address this
eficit, the in vivo vhs-induced decay of a selected target
RNA was examined using an RNase protection assay to
ompare the relative decay rates of sequences from the 59
nd 39 ends of the transcript. In addition, because the decay
f some cellular mRNAs initiates with poly(A) shortening
Shyu et al., 1991; Muhlrad et al., 1994; Tharun and Parker,
997), an RNase H mapping assay was used to compare
he poly(A) tail length and rate of poly(A) shortening for the
ame target mRNA in wild-type and vhs mutant infections.
hs induced degradation of sequences at the 59 end of the
RNA more rapidly than those at the 39 end of the tran-
cript. Degradation of the transcribed portion of the target
as not preceded by shortening of the poly(A) tail. Neither
as a poly(A) tail required to make an mRNA a target of the
hs activity in vitro.
RESULTS
hs induces degradation of the 59 end of a target
RNA more rapidly than the 39 end
To delineate the steps in the pathway of vhs-induced
RNA decay, we initially sought to determine whether
0042-6822/99 $30.00
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196 KARR AND READhere is an overall direction to the degradation process.
o this end, the in vivo vhs-induced degradation of the
SV-1 thymidine kinase (TK or UL23) mRNA was fol-
owed using an RNase protection assay to compare the
ecay rates of sequences at the 59 and 39 ends of the
ranscript. A finding that sequences at the 59 end of the
RNA decayed more rapidly than those at the 39 end
ould suggest that decay initiated at or near the 59 end.
finding that the 39 sequences decayed more rapidly
ould imply a 39 to 59 direction of degradation, whereas
n observation of equal decay rates would be consistent
ith endonuclease cleavage of the mRNA at multiple
nternal sites. A similar strategy was used by Ross and
oworkers to demonstrate that in vitro degradation of
-myc mRNA occurs in a 39 to 59 direction (Brewer and
oss, 1988a, 1989) and decay of histone mRNAs initiates
t the 39 end both in vivo (Ross et al., 1986) and in vitro
Ross and Kobs, 1986; Peltz and Ross, 1987; Ross et al.,
987).
In the present study, TK mRNA was chosen as a target
ecause it is representative of most host and viral
RNAs with regard to vhs sensitivity (Oroskar and Read,
989). Previous studies using Northern blotting to follow
he disappearance of intact or almost intact mRNA
howed that TK mRNA decays with a half-life of 1.5 to 2 h
n cells infected with wild-type virus. In contrast in cells
nfected with a vhs mutant, it was so stable that an
ccurate half-life could not be determined (Oroskar and
ead, 1989). For convenience, we followed the decay of
K mRNA after the addition of actinomycin D to infected
ultures to block further transcription. In an earlier study,
imilar values were obtained for the half-life of TK mRNA
sing a procedure with an actinomycin-D-mediated
lock of transcription and a radioactive pulse–chase
rotocol that did not involve added drugs (Oroskar and
ead, 1989). Thus any secondary effects of actinomycin
do not appear to affect vhs-induced decay.
HeLa cells were infected with 20 pfu/cell of either
FIG. 1. RNase protection probes. The structures of the plasmids p59T
ragment from HSV-1, strain KOS, which contains the transcriptional start
ith T3 RNA polymerase, results in the production of an RNase protec
39TK contains a 627-bp SmaI–PvuII fragment of the HSV-1 genome en
y transcription with T3 RNA polymerase, results in the production of a
ucleotides.ild-type HSV-1 or the mutant vhs 1, which lacks detect- sble vhs activity (Read and Frenkel, 1983; Oroskar and
ead, 1987, 1989). At 4 h after infection, actinomycin D (5
g/ml) was added to the cultures to block further tran-
cription. Samples of total cytoplasmic RNA were pre-
ared either immediately or at various times thereafter
nd analyzed by RNase protection using probes that
verlapped either the 59 or 39 end of the TK transcript. As
s shown in Fig. 1, the 59 probe protected a fragment
orresponding to the first 52 nucleotides of TK mRNA,
hereas the 39 probe was complementary to the last 90
ucleotides of the transcript. Although the vhs protein
ccelerates degradation of host and viral mRNAs non-
electively, it does not affect ribosomal RNAs either in
ivo (Oroskar and Read, 1987, 1989) or in vitro (Krikorian
nd Read, 1991; Zelus et al., 1996). For that reason, a third
ybridization probe that protects a 250-nucleotide frag-
ent of 18 S rRNA was included in many experiments as
n internal standard to control for the total amount of
NA loaded onto each lane of the gel.
In the first experiment, RNA samples were annealed to
nly one hybridization probe; either the 59 or the 39 TK
robe. This was to follow the disappearance of se-
uences from the 59 and 39 ends of the transcript while
t the same time searching for shorter degradation in-
ermediates that might be obscured if multiple hybridiza-
ion probes were used. In cells infected with wild-type
SV-1, the 52-nucleotide band protected by the 59 end of
ntact TK mRNA disappeared significantly more rapidly
han the 90-nucleotide band protected by the intact 39
nd of the transcript (Fig. 2). In contrast, both bands were
ignificantly more stable in cells infected with the mutant
hs 1. For both probes, we observed only the disappear-
nce of the intact 59 and 39 ends of the TK transcript. No
horter degradation intermediates were observed.
To better quantify these results, an actinomycin D
hase experiment was repeated in which each aliquot of
ytoplasmic RNA was analyzed by RNase protection
sing all three probes. Figure 3A shows the decay of
p39TK are shown in the top line. p59TK contains a 778-bp BamHI–BglII
TK (UL23) mRNA. Cutting p59TK with Csp 45I, followed by transcription
obe that overlaps the 59 end of TK mRNA by 52 nucleotides (bottom).
the 39 end of the TK transcript. Digestion of p39TK with SmaI, followed
e protection probe that overlaps the 39 end of the TK transcript by 90K and
site for
tion pr
coding
n RNasequences from the 59 and 39 ends of the TK transcript in
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197mRNA DECAY IN HERPESVIRUS INFECTIONSells infected with wild-type HSV-1. For each time point,
he amounts of 59 and 39 TK sequences were normalized
o the amount of 18 S rRNA in the same sample aliquot.
n Fig. 3B the ratio (59TK/39TK) of the signals from the 59
nd 39 ends of the TK transcript is plotted as a function
f the time after addition of actinomycin D for cells
nfected with wild-type virus or vhs 1. In wild-type infec-
ions, there was a progressive decline in the ratio of 59 to
9 sequences that was evident within the first 20 min of
ecay. In contrast, in vhs-1-infected cells the ratio re-
ained relatively unchanged. The results confirm that
hs induces degradation of sequences at the 59 end of
he TK mRNA more rapidly than those at the 39 end of the
ranscript.
hs-induced degradation of the transcribed portion of
n mRNA is not preceded by poly(A) shortening
In yeast, a major decay pathway for long and short-
ived mRNAs begins with shortening of the poly(A) tail to
length that can no longer bind poly(A) binding protein
PABP) (Decker and Parker, 1993; Muhlrad et al., 1994,
995; Tharun and Parker, 1997). This is followed by re-
oval of the 59 cap and 59 to 39 exonuclease digestion of
he body of the mRNA. Although the mRNA decay path-
FIG. 2. Analysis of vhs-induced decay by RNase protection. HeLa ce
he mutant vhs1 (lanes 7–10 and 16–19). Actinomycin D (5 mg/ml) was a
mmediately (lanes 3, 7, 12, and 16) or 30 min (lanes 4, 8, 13, and 17), 1
qual amounts of RNA were annealed to the 39 (lanes 3–10) or 59 (lane
ere resolved by electrophoresis through an 8 M urea/12% polyacry
ndigested 39 and 59 probes, whereas lane 11 contains molecular weig
een annealed with yeast RNA. The 52-nucleotide fragment resulting
f lane 20. The 90-nucleotide fragment resulting from protection of theays have not been defined as well in mammalian cells,egradation of the transcribed portion of c-fos mRNA is
receded by shortening of the poly(A) tail (Brewer and
oss, 1988a; Wilson and Treisman, 1988; Shyu et al.,
989, 1991; Schiavi et al., 1994; Chen et al., 1995; ). In
iew of these results, it was important to examine
hether vhs-induced removal of sequences from the 59
nd of the TK mRNA was preceded by poly(A) shortening.
The length of poly(A) tails on TK mRNAs was analyzed
y RNase H digestion and Northern blotting essentially
s described by Brewer and Ross (1988a). Cytoplasmic
NAs from an actinomycin D chase experiment similar to
hose described in Figs. 2 and 3 were annealed to a
ynthetic DNA oligonucleotide complementary to a re-
ion of the TK mRNA 429 to 449 nucleotides upstream
rom the polyadenylation site. After cleavage of the RNA:
NA duplex with RNase H, the RNA molecules were
nalyzed by electrophoresis and Northern blotting using
hybridization probe complementary to a region of the
K mRNA between the site of RNase H cleavage and the
eginning of the poly(A) tail. Each of the resulting North-
rn blots revealed a continuous distribution of fragment
izes, with each fragment having a defined 59 end (the
ite of RNase H cleavage) and variable lengths of poly(A)
t the 39 end.
infected with 20 pfu/cell of wild-type HSV-1 (lanes 3–6 and 12–15) or
the cultures at 4 h after infection, and total cytoplasmic RNA prepared
s 5, 9, 14, and 18), or 2 h (6, 10, 15, and 19) after addition of the drug.
) probes and digested with RNases A and T1. The digestion products
gel and visualized by autoradiography. Lanes 1 and 20 contain the
dards. Lane 2 contains the products of digestion of 39 probe that had
otection of the 59 probe with intact TK mRNA is indicated to the right
be with intact TK mRNA is indicated to the left of lane 1.lls were
dded to
h (lane
s 12–19
lamide
ht stan
from prDensitometric scans of the Northern blots are shown
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198 KARR AND READn Fig. 4 for TK mRNAs at increasing times after the
ddition of actinomycin D. Each scan revealed the dis-
ribution of poly(A) tail lengths for the TK mRNAs in that
ample. At the time of addition of actinomycin D, TK
RNAs from wild-type infections exhibited a broad dis-
ribution of poly(A) tail lengths ranging from very short to
200 nucleotides (Fig. 4A; 0 min). This probably reflects
FIG. 3. Relative vhs-induced decay rates for sequences from the 59
nd 39 ends of the TK mRNA. HeLa cells were infected with wild-type
SV-1 or vhs 1 as described for Fig. 2. Actinomycin D was added to the
ultures at 4 h after infection, and total cytoplasmic RNAs prepared
ither immediately or at various times thereafter. Each RNA sample
as annealed with a mixture containing the 59 TK and 39 TK probes as
ell as a probe that protects a 250-nucleotide fragment of 18 S rRNA.
fter digestion of the hybrids with RNases A and T1, the protected
ragments were resolved by electrophoresis through a gel of 8 M
rea/12% polyacrylamide. The gel was dried and the relative amounts
f the fragments protected by the 59 TK, 39 TK, and 18 S rRNA probes
as determined using a Molecular Dynamics Phosphorimager. (A)
elative decay rates of sequences from the 59 and 39 ends of the TK
ranscript are shown in cells infected with wild-type HSV-1. For each
ime point, the amount of the protected 59 TK (F) and 39 TK (E)
ragments was normalized to the amount of 18 S rRNA detected in the
ame sample. These values were expressed as a fraction of the
mount of protected TK fragment present at the time of addition of
ctinomycin D. (B) The ratio (59 TK/39 TK) of the fragments protected by
he 59 and 39 ends of the TK mRNA was plotted as a function of the time
fter addition of actinomycin D to cells infected with wild-type virus ()
nd vhs 1 (). The ratio of the fragments at the time of actinomycin D
ddition is defined as 1.he fact that this population of TK mRNAs contained aolecules that were synthesized over an interval of sev-
ral hours. In mammalian cells, mRNAs enter the cyto-
lasm with a relatively uniform poly(A) tail size, which
hortens with time (Jacobson, 1996; Jacobson and Peltz,
996). Thus the population of TK mRNAs that was
resent at the time of actinomycin D addition probably
ontained some newly synthesized molecules with long
oly(A) tails as well as progressively older molecules
ith progressively shorter poly(A) tails. The breadth of
he poly(A) distribution made it difficult to accurately
easure the rate of poly(A) shortening. Nevertheless, we
easoned that if vhs initiates mRNA degradation by ac-
elerating the rate of poly(A) shortening, a shift in the
istribution of poly(A) sizes to shorter lengths should be
vident at early times after actinomycin D addition before
he appreciable loss of sequences from the 59 end of the
RNA. No such shift was observed. Thus the distribution
f poly(A) sizes was indistinguishable for TK mRNAs
xtracted from wild-type virus infected cells at 0, 15, and
0 min after the addition of actinomycin D (Fig. 4A). This
as the case even though 40% of the sequences from
he 59 end of the TK transcript were degraded within the
irst 20 min (Fig. 3). Furthermore during the first 40 min
fter the addition of actinomycin D, there was no signif-
cant difference between the distribution of poly(A) sizes
or TK mRNAs in cells infected with wild-type virus and
hs 1. By 60 min, there was a slight decrease in the
mount of TK mRNA with long poly(A) tails in cells in-
ected with wild-type virus. However, this was not ob-
erved until more than half of the TK mRNA molecules
ad lost sequences from their 59 ends. The results sug-
est that vhs-induced degradation of the 59 end of the
RNA is not dependent upon prior poly(A) shortening.
poly(A) tail is not required to target an mRNA for
hs-induced decay
The finding that poly(A) shortening does not precede
hs-induced degradation of the transcribed portion of an
RNA did not exclude the possibility that a poly(A) tail is
equired to make an mRNA a target for the vhs activity. To
est this, the susceptibilities of polyadenylated and non-
olyadenylated mRNAs to vhs-induced degradation were
ested in vitro. To prepare target mRNAs that were iden-
ical except for the presence or absence of a poly(A) tail,
he TK open reading frame was cloned downstream from
promoter for SP6 RNA polymerase, and upstream from
30-bp stretch of dA:dT capable of encoding a poly(A)
ail (Fig. 5). Cleavage of the plasmid (with EcoRI) down-
tream from the dA:dT sequence, followed by in vitro
ranscription with SP6 RNA polymerase in the presence
f 32P-labeled nucleoside triphosphates and a 59 cap
nalog resulted in the production of a capped, labeled
nd polyadenylated mRNA. In contrast, cleavage of the
lasmid (with SmaI) upstream from the dA:dT sequence
nd subsequent in vitro transcription resulted in the
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199mRNA DECAY IN HERPESVIRUS INFECTIONSroduction of capped, labeled mRNA lacking a poly(A)
ail. In vitro translation of the poly(A)1 and poly(A)2 mR-
As in rabbit reticulocyte lysates resulted in the produc-
ion of TK polypeptides with the expected molecular
FIG. 4. RNase H mapping of TK poly(A) tails. HeLa cells were infect
he cultures at 4 h after infection, and total cytoplasmic RNAs prepare
amples were examined using the RNase H mapping technique descr
canning, and the scans shown in this figure. The lengths of size stand
y totally deadenylated TK mRNA was determined as described in the te
B) Vhs 1.
FIG. 5. Production of polyadenylated and nonpolyadenylated target
he TK 59 untranslated region (thick line) and most of the TK open readin
f the vector pSP64Poly(A). Cleavage of the plasmid with EcoRI, follo
2P-labeled NTPs and a 59 cap analogue produced a capped and labele
leavage of pBK2 with SmaI, followed by in vitro transcription in the pr
n identical mRNA [lsab]poly(A)2 TK mRNA] except that it lacked a poly(A) taass, indicating that both were functional mRNAs (data
ot shown).
To determine whether a poly(A) tail is required to make
n mRNA a target for vhs-induced degradation, poly(A)1
20 pfu/cell of wild-type HSV-1 or vhs 1. Actinomycin D was added to
r immediately or 15, 40, or 60 min after addition of the drug. The RNA
the text. The resulting Northern blots were analyzed by densitometric
re shown on the horizontal axis. The length of the fragment produced
is shown by the arrow at the bottom of each panel. (A) Wild-type HSV-1.
. The plasmid pBK2 contains a BglII–SmaI fragment encoding part of
e (hatched box) from HSV-1 cloned between the BamHI and SmaI sites
y in vitro transcription with SP6 RNA polymerase in the presence of
RNA with a 30 nucleotide poly(A) tail [poly(A)1 TK mRNA]. Alternatively,
of 32P-labeled NTPs and cap analogue, resulted in the production ofed with
d eithe
ibed in
ards a
xt andmRNAs
g fram
wed b
d TK m
esenceil.
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200 KARR AND READnd poly(A)2 TK mRNAs were incubated with in vitro mRNA
egradation extracts prepared as described previously
Krikorian and Read, 1991) from HeLa cells that had been
ock infected or infected with 20 pfu/cell of wild-type
SV-1 or the mutant vhs 1. Aliquots were removed at vari-
us times after the start of incubation, extracted with phe-
ol/chloroform, and analyzed by electrophoresis and auto-
adiography for the decay of the labeled target mRNAs.
oth mRNAs were degraded rapidly in extracts from cells
nfected with wild-type virus and were much more stable in
xtracts from mock infected and vhs-mutant-infected cells
Fig. 6). As is observed in vivo, the vhs-induced degradation
f polyadenylated mRNAs was characterized by the disap-
earance of intact or almost intact mRNAs without the
bvious generation of discrete shorter degradation interme-
iates. Interestingly, the vhs-induced decay of nonpolyade-
ylated mRNAs appeared to be superimposed upon a
lower exonuclease digestion of the mRNAs that was ob-
erved in mock infected as well as mutant and wild-type
nfected cell extracts and was marked by the progressive
hortening of the mRNAs. Thus in some way the absence of
poly(A) tail rendered mRNAs sensitive to a constitutive
ellular exonuclease degradation pathway. Whatever the
ature of this constitutive pathway, the resulting shortened
RNAs did not appear to be appreciably less sensitive to
ubsequent vhs-induced degradation. Of most importance,
he data indicate that a poly(A) tail is not required to make
n mRNA a target for vhs-induced decay.
DISCUSSION
The primary contribution of this study is to begin elu-
FIG. 6. The vhs function degrades both polyadenylated and nonpolya
ere prepared as described in Fig. 5 and added to in vitro mRNA deg
nfected with 20 pfu/cell of wild-type HSV-1 or the mutant vhs 1. Aliquo
eginning of in vitro incubation and analyzed by electrophoresis and a
ecay of polyadenylated and nonpolyadenylated mRNAs is shown in tidating the pathway of vhs-induced mRNA decay. To this tnd, we focused upon the in vivo decay of the HSV-1
hymidine kinase mRNA as a representative of other viral
nd cellular mRNAs. The kinetic data show that vhs
egrades sequences near the 59 end of the TK mRNA
ore rapidly than those at the 39 end. Decay of the 59
equences occurred within 15 min after the inhibition of
ranscription by actinomycin D and was not preceded by
oly(A) shortening, suggesting that it is an early event in
hs-induced decay.
This study was unable to determine whether vhs-
nduced degradation of TK mRNA is initiated by decap-
ing with subsequent 59 to 39 exonuclease digestion or
y endonuclease cleavage within the body of the mRNA.
recedent exists for both mechanisms. In yeast, mRNAs
hat contain premature stop codons are degraded by
ecapping and 59 to 39 exonuclease digestion without
rior poly(A) shortening (Muhlrad and Parker, 1994; Ha-
an et al., 1995; Beelman et al., 1996; LaGrandeur and
arker, 1998). Alternatively, in mammalian cells the deg-
adation of transferrin receptor mRNA is initiated by
ndonuclease cleavage at a specific site in the 39 un-
ranslated region without prior poly(A) shortening (Binder
t al., 1994). At present, we favor a model of the vhs
ctivity involving endonuclease cleavage. Zelus and co-
orkers have reported an endoribonuclease activity in
xtracts of partially purified virions that appears to be
hs-dependent because it is present in extracts of wild-
ype but not vhs mutant virions and can be blocked by
L41-specific antisera (Zelus et al., 1996). A related
uestion is whether vhs is itself a ribonuclease or some-
ow activates a cellular enzyme. Data suggesting that
ted target mRNAs. Polyadenylated and nonpolyadenylated TK mRNAs
n extracts prepared from HeLa cells that had been mock infected or
e removed as indicated in the figure at 0, 1, 2, 3, 4, 5, or 6 h after the
iography to follow the in vitro decay of the labeled target mRNA. The
and bottom panels, respectively.denyla
radatio
ts wer
utoradhe vhs protein is a ribonuclease include the observation
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201mRNA DECAY IN HERPESVIRUS INFECTIONShat it shares regions of sequence homology with a
umber of nucleases from mammalian cells, yeast, bac-
eria, and bacteriophage (Doherty et al., 1996; Everly and
ead, 1997, 1999). In addition, site-directed mutagenesis
f residues corresponding to amino acids that are critical
o the activities of selected cellular nucleases shows that
hey are also important to vhs activity (Everly and Read,
999).
If vhs is an endonuclease, it is not clear that it must cut
arget mRNAs at many sites to induce complete degra-
ation. Instead, vhs might initiate mRNA degradation by
aking one or a few strategic cuts within the mRNA,
fter which the resulting fragments might be degraded
y cellular enzymes. Mammalian cells contain both 59 to
9 and 39 to 59 exonucleases (Astrom et al., 1991, 1992;
outts and Brawerman, 1993; Schoenberg and Cherno-
alskaya, 1997). Although these have not been shown to
egrade mRNAs in vivo, theoretically they should be able
o degrade both the upstream and downstream products
f an endonuclease cleavage, beginning at the cut site.
Another important question is where the site of initial
hs-induced cleavage is located. Definitive mapping of
n endonuclease cleavage site requires detecting both
he upstream and downstream cleavage products before
hey undergo further degradation. No discrete degrada-
ion intermediates were observed in the present experi-
ents, probably because the fragments, if they exist, are
nstable in vivo. Although the data are indirect, our
bservation that sequences at the 59 end of the TK
ranscript are degraded more rapidly than sequences at
he 39 end is consistent with a model in which vhs
leaves TK mRNA at one or more sites near the 59 end.
f the resulting upstream and downstream fragments are
egraded at approximately equal rates beginning at the
leavage site, sequences at the extreme 59 end of the
RNA would decay faster than those at the 39 end simply
ecause they are closer to the initial cut site. Such a
odel would explain the long-standing observation that
fter HSV infection the rate of translation of individual
ost mRNAs declines more rapidly than the mRNAs are
egraded, at least as measured by Northern blotting
Schek and Bachenheimer, 1985). Vhs-induced removal
f sequences at the 59 end of an mRNA would immedi-
tely inhibit further cap-dependent translation even
hough the resulting mRNAs might still appear to be
ntact on Northern blots.
Although this model is attractive, other possibilities
re consistent with the data. For example, more rapid
ecay of the 59 than the 39 terminal sequences might be
bserved even if the site of vhs-induced cleavage is in
he center of the molecule. This would be the case if a 39
o 59 exonuclease degrades the upstream fragment more
apidly than a 59 to 39 exonuclease degrades the down-
tream product. Further experiments are required to de-
ermine whether vhs is an endonuclease and, if so, to
ap its cleavage sites. wIf the vhs protein is a ribonuclease, a number of ques-
ions remain concerning its specificity and targeting.
ven though the vhs protein degrades host and viral
RNAs, a number of its putative cellular homologues
ave DNase activity. It is unclear what features of the vhs
rotein target it to RNA. Although vhs does not appear to
iscriminate between different kinds of mRNA, it exhibits
strong preference for mRNAs over nonmessenger
NAs. This is true both in vivo (Schek and Bachenheimer,
985; Strom and Frenkel, 1987; Oroskar and Read, 1989)
nd in in vitro reactions using cytoplasmic extracts from
nfected cells (Krikorian and Read, 1991; Sorenson et al.,
991). What factors direct the vhs protein to mRNAs in
reference to nonmessenger RNAs is unclear. In addi-
ion, our results suggest that vhs does not simply cleave
RNAs at random sites and that it may even be targeted
o sequences near the 59 end. The factors responsible
or any targeting are unknown. The answer is unlikely
imply to be the presence of a poly(A) tail or a 59 cap. Our
esults demonstrate that a poly(A) tail is not required for
n mRNA to be a target of the vhs activity in vitro.
imilarly, the ribonuclease activity that was observed in
irion extracts cleaved both capped and uncapped RNAs
Zelus et al., 1996). An alternative possibility is that vhs
istinguishes mRNAs from non-mRNAs by the fact that
hey are being translated or are potentially translatable
r by the recognition of a protein common to all mRNPs.
imilarly, if vhs is indeed directed to the 59 region of
RNAs, it may be targeted not by a direct interaction
ith the cap or 59 end but because for most mRNAs this
s the region of translation initiation. This could be due to
n interaction between vhs and a translation initiation
actor or to an alteration of mRNP structure near the sites
f translation initiation that renders the mRNAs more
usceptible to RNase cleavage. These and other models
or the vhs activity are under investigation.
MATERIALS AND METHODS
ells and virus
HeLa S3 and Vero cells were purchased from the
merican Type Culture Collection and maintained in Ea-
le’s minimum essential medium (MEM; GIBCO Labora-
ories) supplemented with antibiotics and 10% calf se-
um. HeLa cells were used for all experiments, whereas
ero cells were used for the growth of stocks of wild-type
SV-1 (KOS) and the mutant vhs 1. Vhs 1 grows at all
emperatures from 34 to 39°C and lacks detectable virion
ost shutoff activity (Read and Frenkel, 1983; Oroskar
nd Read, 1987, 1989).
lasmids
RNase protection probes. The plasmid p59TK was con-
tructed by cloning a 778-bp BamHI–BglII fragment,
hich overlaps the 59 end of the HSV-1 thymidine kinase
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202 KARR AND READUL23) mRNA, into the BamHI site of the vector Bluescript
S (Stratagene). The insert extends from the BamHI site
26 bp upstream from the TK mRNA start site to the BglII
ite 52 bp downstream from the transcriptional start site
Wagner et al., 1981). Digestion of the plasmid with Csp
5I, followed by in vitro transcription with T3 RNA poly-
erase, results in the production of a 130-nucleotide
NA that is complementary to the first 52 nucleotides of
he TK mRNA (Fig. 1). The plasmid p39TK was con-
tructed by cloning a 627-bp SmaI–PvuII fragment, which
verlaps the 39 end of the TK mRNA, into the SmaI site of
luescript KS. The inserted fragment extends from the
maI site 90 bp upstream from the TK polyadenylation
ite to the PvuII site 537 bp downstream from the 39 end
f the transcript (Wagner et al., 1981). Digestion of the
lasmid with SmaI, followed by in vitro transcription with
3 RNA polymerase, results in the production of a 627-
ucleotide RNA that is complementary to the last 90
ranscribed nucleotides of the TK mRNA (Fig. 1). pTRI
NA 18S was purchased as a linearized plasmid from
mbion (Austin, TX). Transcription of the plasmid with T7
NA polymerase results in an RNA probe complemen-
ary to 250 nucleotides of human 18S rRNA.
Target mRNAs for in vitro degradation. pBK2 was con-
tructed to serve as a template for the production of
arget mRNAs for in vitro mRNA degradation reactions. It
ontains a 1162-bp BglII–SmaI fragment containing most
f the HSV-1 thymidine kinase (UL23) gene cloned into
he corresponding sites of the vector pSP64(polyA) (Pro-
ega; Madison, WI) downstream from a promoter for
P6 RNA polymerase and upstream from a 35-bp stretch
f dA:dT. The insert extends from the BglII site 52 bp
ownstream from the cap site of TK mRNA to a SmaI site
0 bp upstream from the TK polyadenylation site (Wagner
t al., 1981). It contains 50 nucleotides of the TK 59
ntranslated region, the start codon, and all but the last
codons of the TK open reading frame. Linearization of
BK2 with EcoRI at a site just downstream from the
A:dT stretch, followed by in vitro transcription with SP6
NA polymerase resulted in the production of a polyad-
nylated 1340 nucleotide transcript designated TK
oly(A)1 mRNA. Alternatively, linearization with SmaI, fol-
owed by in vitro transcription, resulted in the production
f a nonpolyadenylated 1305 nucleotide transcript des-
gnated TK poly(A)2 mRNA (Fig. 5).
n vitro transcription
To prepare 32P-labeled probes for RNase protection
nalysis, p59TK and p39TK were linearized with the ap-
ropriate restriction endonucleases and transcribed in
itro using T3 RNA polymerase and a MAXIscript in vitro
ranscription kit (Ambion) according to procedures rec-
mmended by the manufacturer. After transcription, the
NA template was destroyed by digestion with 1unit/ml
f RQ1 RNase-free DNAase (Promega) for 15 min at T7°C. The reactions were diluted with an equal volume
f gel loading buffer (80% formamide; 0.1% xylene cyanol;
.1% bromphenol blue; and 2 mM EDTA), heated to 95°C
or 5 min, and then quenched on ice. Full-length probe
olecules were purified by electrophoresis through gels
f 5% polyacrylamide/8 M urea, followed by elution and
recipitation from ethanol, all according to procedures
ecommended by Ambion.
Capped and 32P-labeled target mRNAs for in vitro
RNA degradation reactions were produced by in vitro
ranscription of EcoRI- or SmaI-cleaved pBK2 in the pres-
nce of [32P]CTP and a fivefold molar excess of 59 cap
nalogue (Stratagene) over GTP according to proce-
ures supplied with a mESSAGE Machine In Vitro Tran-
cription Kit purchased from Ambion. After transcription,
he DNA templates were destroyed by digestion with
Q1 DNase, and the reaction mixtures were extracted
wice with phenol:chloroform (1:1) and then twice with
hloroform. The target mRNAs were precipitated from
thanol, resuspended in a small volume of TE buffer (10
M Tris, pH 7.9; 1 mM EDTA), and then added directly to
n vitro mRNA degradation reactions.
easurement of in vivo mRNA decay rates by
ctinomycin D chase
HeLa cells were infected with 20 pfu/cell of wild-type
SV-1 or the mutant vhs 1 and maintained at 37°C in
EM containing 2% calf serum. At 4 h after infection, the
edium was aspirated and replaced with MEM contain-
ng 2% calf serum and 5 mg/ml of actinomycin D. Sam-
les of total cytoplasmic RNA were prepared immedi-
tely or at various times thereafter (Oroskar and Read,
989; Read et al., 1993) and examined by RNase protec-
ion analysis or RNase H digestion and Northern blotting.
Nase protection analysis
Samples of cytoplasmic RNA were analyzed using an
PA II Ribonuclease Protection Assay Kit purchased from
mbion. Briefly, cytoplasmic RNAs were mixed with the
ppropriate 32P-labeled RNA probes and precipitated
rom ethanol. The RNAs were resuspended in 20 ml of
ybridization buffer (80% formamide; 100 mM sodium
itrate, pH 6.4; 300 mM sodium acetate, pH 6.4; and 1
M EDTA), heated to 95°C for 5 min, quenched on ice,
nd then annealed at 45°C for 18 h. Each sample re-
eived 200 ml of RNase digestion buffer containing either
mixture of 50 units/ml of RNase A and 200 units/ml of
Nase T1 (for reactions containing the 59TK and 28S
RNA probes) or 100 units/ml of RNase T1 (for reactions
ontaining the 39 TK probe). After digestion at 37°C for
h, the RNAs were precipitated from ethanol, resus-
ended in 10 ml of gel loading buffer, heated to 95°C for
min, quenched on ice, and separated by electrophore-
is through a gel of 10% polyacrylamide/8 M urea in TBE.
he dried gels were analyzed by autoradiography to
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203mRNA DECAY IN HERPESVIRUS INFECTIONSisualize the protected fragments or by using a Molecu-
ar Dynamics Model C425A Phosphorimager to deter-
ine the amount of radioactivity present in the various
ragments. For each probe, control experiments were
erformed in which serial dilutions of RNA were ana-
yzed using a constant amount of probe to ensure that
he probe was in excess (data not shown).
Nase H digestion and Northern blotting
The analysis of poly(A) tail lengths was performed by
Nase H mapping, essentially as described by Brewer
nd Ross (1988a). Briefly, the 21-base “anti-TK” oligonu-
leotide 59 TCC CAC CAC GAC CCG CCG CCC 39 was
ynthesized in the Molecular Biology Core Facility of the
chool of Biological Sciences at the University of Mis-
ouri-Kansas City. This oligonucleotide is complemen-
ary to a region of the HSV-1 TK mRNA from 429 to 449
ucleotides upstream from the polyadenylation site.
amples of cytoplasmic RNA (10 mg in 1 mM EDTA, pH
.9) were denatured by heating to 95°C for 5 min,
uenched on ice, and brought to 50 mM KCl. They then
ere annealed for 20 min at room temperature with 2–3
g of the anti-TK oligonucleotide or, in the case of control
eactions designed to demonstrate the length of dead-
nylated TK mRNA, with 2–3 mg of the anti-TK oligo and
mg of oligo(dT). The reactions were brought to 20 mM
ris, pH 8.0, 25 mM KCl, 28 mM MgCl2, and 5 mM EDTA
nd then digested for 30 min at 37°C with 1 unit of RNase
. The RNAs were precipitated from ethanol, resus-
ended in gel loading buffer, denatured, and resolved by
lectrophoresis through 2% agarose gels cast in TBE as
escribed previously (Read et al., 1993). The RNAs were
ransferred to Nytran membranes (Schleicher and
chuell) and detected, as described previously (Oroskar
nd Read, 1989; Read et al., 1993), by probing the mem-
ranes with 32P-labeled RNA probes produced by in vitro
ranscription of p39TK.
n vitro mRNA degradation reactions
In vitro mRNA degradation extracts were prepared
rom HSV-1 infected or mock-infected HeLa cells as
escribed previously (Krikorian and Read, 1991). Briefly,
nfected or mock-infected monolayers were washed
wice with ice-cold wash buffer consisting of 0.15 M
ucrose, 33 mM NH4Cl, 7 mM KCl, 4.5 mM magnesium
cetate, and 30 mM HEPES (N-2-hydroxyethylpiperazine-
9-2-ethanesulfonic acid) (pH7.4). The cells then were
ermeabilized by the addition of 300 mg of lysolecithin
L-a-lysophosphatidyl choline; Sigma) per milliliter in
ash buffer directly to the monolayers for 60 s. After the
ermeabilization buffer had been removed, the cells
ere scraped into 200 ml/1.5 3 107 cells of standard
eaction buffer [0.1 M HEPES (pH 7.4), 0.2 M NH4Cl, 20
M Mg(OAc)2, 7 mM KCl, 1 mM dithiothreitol, 1 mM ATPdipotassium salt), 1 mM GTP (sodium salt), 40 mM each Cf the 20 amino acids, 0.1 mM S-adenysylmethionine, 1
M spermidine, 10 mM creatine phosphate (dipotassi-
m salt), 40 units of creatine kinase per milliliter, and 500
nits of RNasin (Promega) per milliliter]. The cells were
ysed by passage through a 25-gauge needle, and the
uclei removed by low-speed centrifugation. The cyto-
lasmic supernatants were depleted of endogenous
RNAs by treatment for 10 min with 1000 units/ml of
icrococcal nuclease (Pharmacia) at 30°C in the pres-
nce of 1 mM CaCl2 (Pelham and Jackson, 1976; Kriko-
ian and Read, 1991). EGTA was added to 2 mM, after
hich the samples were placed on ice for immediate use
r stored at 290°C.
To initiate the mRNA decay reactions, 32P-labeled tar-
et mRNAs were added and the extracts transferred to
0°C. Samples were removed either immediately or at
arious times thereafter and extracted twice with phenol:
hloroform and twice with chloroform. The RNAs were
recipitated from ethanol, denatured with glyoxal, and
nalyzed by electrophoresis through 1% agarose gels
nd autoradiography, all as described previously (Kriko-
ian and Read, 1991).
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